Introduction
============

Polysaccharides consist of long carbohydrate molecules containing repeated monosaccharide units which are joined together by means of glycosidic bonds. Polysaccharides represent the most abundant biomolecules in nature with essential roles in a wide range of processes in living systems.[@B1]-[@B3] Polysaccharides are highly biocompatible and biodegradable. They can be classified by their origin: vegetal origin (e.g. pectin), algal origin (e.g. alginate), microbial origin (e.g. dextran, xanthan gum), and animal origin (chitosan, heparin).[@B4] Polysaccharides may also be classified by their charge: cationic (chitosan), anionic (hyaluronic acid, heparin) and nonionic (dextran). Most natural polysaccharides display hydrophilic groups such as hydroxyl, carboxyl and amino groups.[@B5] Due to the presence of various functional groups on molecular chains, polysaccharides may be easily chemically modified.

The chemical diversity of polysaccharides contributes to their variety in functions. Besides their uses as energy sources, such natural polymers are endowed with important structural functions since they are important components in biological systems as primary constituents of eukaryotic cell surface and the extracellular environment.[@B6] Additionally, they mediate important recognition events in biological process through interactions with proteins and other biological entities.[@B6], [@B7]

A drawback associated to polysaccharides is related to their natural variability and difficult laboratorial synthesis. These disadvantages are also shared with other natural polymers such as proteins, which additionally may also elicit immunogenic responses. In contrast, synthetic polymers may be synthesized in laboratory with high batch-to-batch uniformity, predictable properties and tailored structure for optimized features.[@B8] The main disadvantage of most of synthetic polymers is their low biodegradability. However, some synthetic polymers are known to degrade *in vivo*, most belonging to polyester family, which includes polyglycolides and polylactides. Even though, they still present poor biocompatibility, loss of mechanical properties during degradation and release of acidic degradation products.[@B9]

Knowledge at the cellular and molecular levels has increased greatly. Therefore, tremendous advances have been made in defining the appropriate polysaccharide involved in a precise biological process.[@B10] The atherothrombotic pathology is highly concerned by polysaccharide-mediated recognition both enabling targeting and inhibition of biomolecules. In order to gain insight on polysaccharide interaction in the context of atherothrombotic diseases and appraise structure-function relationships, it is valuable to highlight some key processes involved in polysaccharide recognition. The following section deals with the advantages of associating nanosystems to polysaccharides, conjugation methods are introduced and characterization techniques are summarized. Afterwards, polysaccharide nanosystems based on sialyl Lewis^X^, heparin, hyaluronic acid, fucoidan, chitosan, cylcodextrin and dextran are individually overviewed considering their application on the treatment and imaging of atherothrombotic disease. The final section includes concluding remarks and perspectives.

Structure-function of polysaccharides and features of nanoparticles for atherothrombosis management
===================================================================================================

Polysaccharide-mediated recognition in atherothrombotic process
---------------------------------------------------------------

The structural diversity of polysaccharides confers them different binding affinities that directly relates to their role in several important physiological and pathological processes. Polysaccharides are involved in a wide variety of physiological events such as cell signaling and adhesion. Polysaccharide binding to proteins and signaling molecules modulate their activity, thus influencing fundamental biological processes.[@B6] For instance, heparan sulfate chains of proteoglycans enable interaction with molecules such as fibronectin, laminin and collagen, which is important for the organization of basement membrane and extracellular matrix as well as cell adhesion to matrix.[@B11] Furthermore, heparan sulfate and other related polysaccharides such as fucoidan and heparin bind sugar recognition domains on selectins, mediating the interaction with activated platelets and endothelial cells[@B12], [@B13] by mimicking the binding of the oligosaccharide sialyl Lewis^x^ with E, L and P selectins (Fig. [1](#F1){ref-type="fig"}).

Polysaccharides also participate in pathological processes. Many bacterial pathogens may initiate infections through the binding of adhesins to mammalian cell surface compounds, including proteins, glycolipids, and polysaccharides.[@B14] Bacterial exopolysaccharides participate in both cell-cell recognition and interaction as well as in the formation of a physical protective barrier protecting them from antibody binding and phagocytosis.[@B15] As an additional example, polysaccharides such as hyaluronic acid are known to interact with macrophages.

Polysaccharides may also be used as therapeutic agents. Certain polysaccharides are immunomodulators, affecting the regulation of immune responses during the progression of infectious diseases via interactions with T cells, monocytes, macrophages, and polymorphonuclear lymphocytes.[@B17]-[@B19] This is the case of β-(1-3)-glucan. Its recognition and the subsequent receptor binding process via β-(1-3)-glucan binding proteins is the first step in mediating the activating effects.[@B20] The activation of signal transduction pathways enhance the antimicrobial activity of mononuclear cells and neutrophils while also stimulating the proliferation of monocytes and macrophages.[@B17] In a clinical study, the immunomodulatory properties of β-(1-3)-glucan were found to enhance ulcer healing.[@B21]

Another remarkable example of a polysaccharide as a therapeutic agent is heparin due to its interaction with antithrombin, which is an important player in coagulation process. At concentrations present in blood, antithrombin slowly inhibits blood clotting because it exists in a low reactivity state. When heparin binds to antithrombin, it induces a conformational change in the molecule which results in a greatly accelerated reaction with thrombin, enabling fast thrombin inactivation.[@B22], [@B23] Binding of heparin to antithrombin is enhanced by the distinct sequence of five saccharides.[@B24] This region is composed of one glucuronic acid unit, one α-L-iduronic acid unit and three glucosamine units, two of which are invariably N-sulphated whereas the remaining one may be either N-acetylated or N-sulphated.[@B25] Heparin is also well described to bind to vascular smooth muscle cells inhibiting their proliferation.[@B26]

Besides heparin, several polysaccharides are able to interact in cardiovascular diseases such as atherothrombosis. Cardiovascular diseases are predominant causes of death in developed countries. They also account for considerable morbidity and mortality worldwide, representing a substantial economic burden.[@B27], [@B28] Atherosclerosis is an important arterial wall disease characterized by focal lesions with asymmetric thickenings of the innermost layer of the artery that may lead to ischemia of the heart, brain, or extremities.[@B29] Dilatation or rupture is observed in the case of aneurysms. In such arterial disorders, macrophages, activated smooth muscle cells, lipids such as cholesterol, and extracellular matrix are major players.[@B30] Although advanced atherosclerotic lesions can lead to ischemic symptoms as a consequence of progressive narrowing of the vessel lumen, acute and severe cardiovascular events are generally induced by plaque rupture.[@B31] Plaque rupture is one of the leading causes of thrombosis. Thrombus is also observed in human abdominal aorta aneurysms.[@B32] Blood exposure to prothrombotic material from the core of the plaque disrupts homeostasis.[@B33] Platelets adhere to the sub-endothelial matrix and aggregate promoting clot formation and vascular occlusion, while concomitant blood coagulation culminates in the generation of thrombin and fibrin.[@B27], [@B34] Polysaccharides are able to recognize biological molecules involved in atherothrombotic process. Selectins, macrophage receptors, fibrin, antithrombin and also cholesterol represent some of the targets for polysaccharide interaction in atherothrombotic process, as summarized in Figure [1](#F1){ref-type="fig"}. Some specific polysaccharide interaction with each of these target molecules will be individually overviewed in the last section considering polysaccharide-based nanosystems and their application on the treatment and imaging of atherothrombotic disease. Before this, the advantages of associating polysaccharides to nanosystems will be discussed and methods for producing and characterizing polysaccharide-based nanosystems will be outlined.

Structural features of nanosystems determining their fate and performance in atherothrombosis management
--------------------------------------------------------------------------------------------------------

Nanosystems are in the same scale length of biologic molecules. Therefore, there is a huge interest in exploiting them for the treatment and diagnosis of diseases at the molecular level.[@B35] In general, nanosystems present at least one dimension in the 1-100 nanometer scale. Indeed, nanosized carriers are small enough to interact with receptor targets while being large enough to transport drugs or imaging agents simultaneously avoiding renal clearance.[@B36], [@B37] Nanosystems above the renal clearance threshold circulate for a longer time,[@B38] which may influence their uptake in regions of leaky vasculature such as in atherosclerotic plaques. Plaques present a neovasculogenesis pattern similar to that observed in cancerous tumor growth, in which atypical blood vessels both defective and immature are formed. This implies in changes of the dynamics of macromolecular transport known as the enhanced permeability and retention (EPR) effect, allowing macromolecules or nanoassemblies to pass into the interstitial tissue[@B39], [@B40] (Fig. [2](#F2){ref-type="fig"}).

By virtue of their reduced size, nanosystems also have high surface area to volume ratios. This implies an abundant surface area available to ligand decoration either for targeting and drug/probe coupling.[@B35], [@B41], [@B42] Additionally, a high internal volume is provided by nanosystems. Notably, the internal volume of spherical particles increases cubically as external surface area is squared. Such internal volume is highly valuable for encapsulating drugs or imaging agents.[@B42] Thereby, loading is enabled while simultaneous protection against chemical or enzymatic degradation is conferred. Besides, nanosystem encapsulation enable controlled release for tuning the delivery rate of the encapsulated agent.[@B43] These are important features of nanosystems that make them particularly well suited as drug delivery carriers for the management of cardiovascular diseases. For instance, sustained release of heparin is quite desired for reducing intimal hyperplasia after vascular interventions.[@B44] As an additional example, tissue-plasminogen activator was encapsulated into nanoparticles to provide protection against inactivation by against inhibitors in plasma.[@B45] Drug protection and sustained release conferred by nanoparticles may remarkably contribute to a higher efficiency in the treatment of cardiovascular diseases.

Notably, nanosystems have improved optical, electronic and magnetic properties that markedly differ from the properties of their atoms and macroscopic material counterparts, which is a direct consequence of the behavior of electrons in the nanometric confinement.[@B35] This particularly applies to cadmium selenide semiconductor nanostructures and iron oxide nanoparticles whose optical and magnetic properties, respectively, are strongly dictated by size.[@B46], [@B47]

Another important feature of nanosystems is their rapid recognition by the reticuloendothelial system (RES). They are rapidly cleared from the bloodstream upon intravenous injection, as a function of their size and surface characteristics.[@B48] The rapid uptake of nanosystems is quite undesirable if long circulation time is required. In this case, coating approaches should be implemented in order to confer stealthness to nanosystems, as it will be discussed ahead. Otherwise, the spontaneous RES uptake of nanosystems may also be of interest, considering macrophage central role in inflammatory diseases, such as in atherothrombotic disease.[@B49] The advantages related to the physical properties and biological features of nanosystems are briefly depicted in Figure [2](#F2){ref-type="fig"}.

Associating nanosystems and polysaccharide implies in benefiting from all the advantages provided by nanosystems while taking profit from recognition properties from polysaccharides.

The recognition properties conferred by polysaccharides provide nanoparticles with the ability to interact with important biomolecules involved in atherothrombotic disease such as P-selectins, cholesterol, anti-thrombin, as described in the previous subsection. This provides nanoparticles with high specificity for targeted drug delivery and molecular imaging in the management of cardiovascular diseases.

It is important to highlight that nanosystem capacity to accommodate a high density of ligands, due to their high surface area to volume ratios, actively promotes multivalent interactions with their binding partners (Fig. [3](#F3){ref-type="fig"}). This has significant implication in molecule recognition. In fact, ligand configuration directly influences presentation and cooperativity and thus impacts the interactions with the binding partners. Multiple epitopes of the same ligand exposed and a presentation in a three-dimensional format may result in enhanced affinities of the polysaccharide for its biological target.[@B7] As an example, Li and colleagues designed magnetic nanoparticles with multiple copies of cyclodextrin functionalizing the surface in order to enable simultaneous interaction with many cholesterol molecules, leading to high affinity binding with cholesterol for MRI detection purposes.[@B50] In fact, nanosystems may act as platform amplifying the weak affinities of polysaccharide ligands with biological molecules of interest. This highly contributes to an increased sensitivity for targeted drug delivery and molecular imaging in the management of cardiovascular diseases.

Besides conferring recognition, polysaccharides may also be used to avoid nanosystem uptake by the RES. In this regard, polysaccharides may act as hydrophilic layer sterically hindering opsonization and recognition by macrophages.[@B51] Alternatively, polysaccharide coating may prevent the opsonization of nanosystem directly inhibiting complement itself, as the case of heparin.[@B52] Stabilization of nanosystems is also achieved by polysaccharide coating.[@B53] Particles coated by a polymer shell prevent aggregation by reducing their surface energy in comparison with bare particles.[@B54] Polymer coating may also be performed for providing the nanosystem with a structure facilitating further chemical functionalization. This applies particularly to dextran-coated nanosystems, as discussed below. The main advantages of polysaccharide-based nanosystems are illustrated in Figure [3](#F3){ref-type="fig"}. The recognition properties conferred by polysaccharides enable nanosystems to interact with major players in atherothrombotic disease such as platelets, cholesterol, endothelial cells, macrophages, fibrin and thrombin. The key polysaccharide targets involved in atherothrombotic disease are thus depicted in Figure [4](#F4){ref-type="fig"}.

Production of polysaccharide-based to nanosystems
-------------------------------------------------

A critical step in the preparation of polysaccharide-based nanosystems is the coupling method for attaching the polymer to the nanomaterial. Broadly speaking, the methods for producing polysaccharide-based nanosystems fall in the general categories of non-covalent and covalent approaches. Both approaches are associated with advantages and drawbacks, although covalent protocols are generally preferred due to the considerably higher stabilities. The method choice is based on nanosystem chemistry, desired particle size, polysaccharide chemistry and the intended application in order to afford efficient ligand coupling and to provide optimal ligand presentation.[@B7], [@B55], [@B56]

Non-covalent approaches rely on electrostatic interactions, hydrogen bonding and hydrophobic interactions. Although reversible nanosystem-polysaccharide association is obtained from such physical methods, there is the advantage of avoiding harsh preparation condition as well as toxic crosslinkers.[@B1], [@B57] For instance, dextran-coated quantum dots were synthesized via electrostatic interactions with negatively charged carboxymethyldextran.[@B58] In related approach, Huang and co-workers reported the production of silver/polysaccharide nanocomposites based on the interaction of the electron-rich atoms of polar hydroxyl on polysaccharides and the electropositive transition metal cation.[@B59] Besides the fact that non-covalent approaches represent a green method providing an environmental friendly strategy to prepare polysaccharide-based nanoparticles, minimal or no chemical modification is required for the polysaccharide ligands and the nanomaterial substrates.[@B7], [@B60] Most of surface functionalization methods are covalent approaches. They are more advantageous considering the robust linkage and the stability of the surface ligand. Covalent attachment of polymers to nanosystems can be carried out by \'\'grafting to\'\' and \'\'grafting from\'\' methods. The \'\'grafting to\'\' method consists in using prefabricated polymers with reactive end groups to react with the functional groups on the surface of the nanosystem. The \'\'grafting from\'\' method involves reactive groups covalently attached to the nanosystem surfaces. The grafting reaction can proceed then by polymerization from the surface, initiated by reaction with monomers.[@B54], [@B61]-[@B63] The majority of methods to produce polysaccharide-coated nanosystems concern the \'\'grafting to\'\' method. Such direct polysaccharide conjugation to nanosystems is feasible when the ligand possesses a functional group that is reactive towards the nanosystem material. This is the case of polysaccharides presenting a thiol/disulfide group to be conjugated on metallic particles (Au, Ag, Cu) and semiconductor ones (CdS, CdSe, ZnS), and phosphates-containing ligands to be conjugated on metal oxide particles (iron oxide, TiO~2~). According to the nature of the substrate material, ligands possessing the corresponding functional groups are chosen.[@B57]

Concerning the characterization of polysaccharide-functionalized nanosystems, several techniques are available. Generally, zeta potential measurement is the most common technique used to establish the presence of a polysaccharidic coating. In the case of polysaccharide coating, the nanosystem charge may differ from particle previous to grafting.[@B43], [@B52] Colorimetric assays are frequently used enabling qualitative and quantitative analysis of functional groups. Grafting may be also analyzed via nuclear magnetic resonance, Fourier transform infrared spectroscopy, and surface-enhanced Raman spectroscopy, thermogravimetric analysis, elemental analysis and X-ray photoelectron spectroscopy. Additionally, by combining multi-angles laser light scattering, dynamic light scattering, microscopy techniques and small-angle X-ray scattering, physical characteristics of size, shape, and assembly behavior of the nanosystems can be elucidated.[@B7], [@B64]-[@B67]

Polysaccharide-based nanosystems
================================

Sialyl Lewis^X^
---------------

The sialyl Lewis^x^ is a tetrasaccharide that contains fucose and sialic acid. It has been reported as a high affinity ligand for selectins,[@B68] which are adhesion molecules highly expressed by the dysfunctional endothelium and also by activated platelets in atherothrombotic process.[@B69]-[@B72] Selectins are composed of a lectin domain responsible for polysaccharide recognition. Among the lectin classes, the C type (C meaning calcium-requiring) represents a large class found in animals. These proteins present a common domain of 120 amino acids that is in charge of binding to sialyl Lewis^x^ or other polysaccharides. The calcium ion acts as a bridge between the protein and the polysaccharide through direct interactions with its hydroxyl groups. Additionally, two glutamate residues in the lectin bind to both the calcium ion and the polysaccharide, while other protein side chains interact with other hydroxyl groups on the polysaccharide forming hydrogen bonds.[@B73]

Sialyl Lewis^X^ has the unique ability to interact with the three family members of selectins, namely E, L, P.[@B68] This saccharidic structure has been conjugated to quantum dots in order to allow establishing the *in vivo* dynamic distribution profiles after intravenous injection in mice. In this study, interaction of functionalized quantum dots with selectin was not investigated, since the focus was the biodistribution in healthy mice. However, it was showed that quantum dots functionalized with sialyl Lewis^X^ achieved a prolonged circulation lifetime of 2 hours without liver localization, differently from quantum dots functionalized with other glycans such as lactose.[@B74]

Heparin
-------

Heparin is an unbranched acidic glycosaminoglycan rich in N- and O-sulfate groups that is recognized by P-selectin and L-selectin.[@B24], [@B76] As indicated previously, heparin binds to antithrombin, which is an important player in coagulation process. Heparin binding relieves the natural repressed reactivity state of antithrombin transforming it into a fast inhibitor of blood clotting proteinases, which inactivates thrombin.[@B22] The configuration of N- and O-sulfate groups displayed by heparin is responsible for its high-affinity binding to antithrombin.[@B24]

Heparin-based nanoparticles were produced from amphiphilic copolymers of heparin and methyl methacrylate and *in vivo* blood circulation time of such nanoparticles was evaluated. A long-circulating time of more than 48 hours was obtained. Heparin succeeded in hiding the high opsonization effect associated to poly(methyl methacrylate) achieving a better stealthness.[@B77] Although the authors did not focus in demonstrating that the recognition properties of heparin was preserved after functionalization, these studies open perspectives of applications that are more than simply conferring hemo-compatibility and stealthness. As an example, Chauvierre *et al.* reported the production heparin-decorated poly(isobutyl cyanoacrylate) nanoparticles with reduced toxicity[@B51] and antithrombic activity,[@B52] additionally able to recognize typical heparin ligands such as von Willebrand factor.[@B78]

Hyaluronic acid
---------------

Hyaluronic acid is composed of D-glucuronic acid and N-acetyl-D-glucosamine units connected by β-1,3-, or β-1,4-glycosidic bonds. Hyaluronic acid is a natural ligand of CD44 receptor expressed on macrophages. CD44 is a multifunctional receptor which is involved in cell-cell and cell-extracellular matrix interactions. Hyaluronic acid binds to CD44 close to its NH~2~ terminus which is situated within a 135-amino acid region of the receptor.[@B82]-[@B84] Therefore, hyaluronic acid enables atherosclerosis targeting via the recognition of receptors from macrophages, which are abundant in plaques. Hyaluronic acid-functionalized magnetic nanoparticles were reported to be labeled with a near-infrared fluorescence dye (Cy5.5) resulting in MR/optical dual imaging nanoprobes. However, no application related to atherothrombosis was exploited in this study.[@B86]

Fucoidan
--------

Fucoidan is a branched polysaccharide sulfate ester with l-fucose 4-sulfate building blocks that is recognized by P-selectin and L-selectin,[@B87] but not by E-selectin.[@B68] Fucoidan presents a high affinity to P-selectin. Indeed, low molecular weight fucoidan is most effective for binding to P-selectin when compared to other low molecular weight polysaccharides such as heparin and dextran sulfate.[@B88]

^99m^Tc-fucoidan was designed for P-selectin molecular imaging by scintigraphy.[@B89] Alternatively, fucoidan was conjugated to ultra-small paramagnetic iron oxide nanoparticles via the functionalization of the carboxylmethyl dextran coating on nanoparticles in order to enable P-selectin molecular imaging by MRI.[@B90] This will be further discussed in the next section.

Chitosan
--------

Chitosan is a linear polysaccharide composed of randomly distributed β-(1-4)-linked D-glucosamine and N-acetyl-D-glucosamine, which is obtained by the partial deacetylation of chitin. As a function of the pH, amine groups from chitosan get protonated and become positively charged, making chitosan a water-soluble cationic polyelectrolyte.[@B91] Due to its charge, chitosan may interact with negatively charged molecules. Fibrin is a negatively-charged fibrous protein which has been reported to strongly interact electrostatically with chitosan via the interplay of the negative charges of carboxyl groups from amino acids such as glutamate of fibrin and the positive charges of amine groups of chitosan polymers.[@B92]

Chitosan electrostatic interaction with fibrin was tested for accelerating thrombolysis. Poly(lactic-co-glycolic acid) nanoparticles loaded with tissue-plasminogen activator (t-PA) and coated with chitosan were designed. This will be further discussed in the next section.

Cyclodextrin
------------

Cyclodextrins consist of a cyclic oligosaccharide formed by 6 to 8 α-1,4 linked D-glucopyranoside units (Fig. [1](#F1){ref-type="fig"}). Its external face is hydrophilic whereas the internal cavity provides a hydrophobic environment. This internal cavity has the ability to encapsulate hydrophobic molecules[@B93], [@B94] and it is responsible for cholesterol interaction.[@B95] In fact, the inner cavity of cyclodextrin provides a well-suited site for cholesterol accommodation. Once cholesterol enters the hydrophobic inner cavity of cyclodextrin, a stable host-guest inclusion complex is formed, which explains the affinity between these two molecules. Cholesterol is an important target in atherosclerosis process. Indeed, cholesterol accumulation is a hallmark of atherosclerosis disease.[@B96], [@B97] Cyclodextrins are known to avidly interact with cholesterol.[@B98] This property can be favorably exploited for cholesterol molecular imaging, as it will be further discussed in the next section."

Dextran
-------

Dextran consists of a polysaccharide composed of glucose molecules connected in α 1-6 glucosidic linkage, in which side chains are connected in α 1-4 linkage. Dextran coating on nanoparticles and especially on iron oxide nanoparticles has been widely performed. On one side, dextran is used to prevent nanoparticles from aggregation. On the other side, dextran provides a framework for further chemical modifications in order to enable functionalization with target ligands.[@B101], [@B102] Particularly, a well-established platform consists of monocrystalline iron oxide nanoparticles presenting covalently cross-linked dextran know as cross-linked iron oxide nanoparticles, or CLIO. Such platform presents amine groups that are ready substrates for conjugation to targeting ligands.[@B103], [@B104] A discussion on the investigation of dextran-coated nanoparticles in the management of cardiovascular diseases is provided in the next section.

Cardiovascular applications of polysaccharide-based nanoparticles
=================================================================

The polysaccharide component of nanoparticles may play different roles in cardiovascular disease management. For instance, it may promote therapeutic effect, enable controlled release, endow recognition functions or provide a framework for further chemical modifications in order to enable functionalization with target ligands. Concerning the recognition feature, some polysaccharides seem to be more advantageous than others. As an example, hyaluronic acid recognition of macrophage receptor CD44 may have the disadvantage of providing a non-specific signal as macrophages are present in atheroma but also in off-target sites. Additionally, recognition properties mediated by some polysaccharides still need further investigation in order to enable molecular imaging *in vivo*. This is the case of β-cyclodextrin interaction with cholesterol. Notably, it has the disadvantage of relying only in a molecule accommodation process.[@B95] Other saccharide entities seem to be more promising for endowing nanoparticles with recognition properties for the management of cardiovascular diseases. This is the case, of Fucoidan[@B88] and Sialyl Lewis^X^[@B68] that interact with target selectins with high affinity. Such high affinity is quite advantageous for conferring targeting properties to nanoparticles. Examples related to the cardiovascular applications of polysaccharide-based nanoparticles are discussed in the following sub-sections.

Therapy for intimal hyperplasia
-------------------------------

Heparin controlled release via polysaccharide-based nanoparticles was investigated for reducing intimal hyperplasia. Heparin was associated to poly(ε-caprolactone) nanofibers. Fibers were electrospun from poly(ε-caprolactone) solutions containing heparin. A sustained heparin release was achieved over 14 days and the released heparin retained its biological activity. This system was effective in preventing the proliferation of vascular smooth muscle cell *in vitro*. This may indicate the potential of such fibers as candidates for heparin controlled delivery to a site of vascular injury.[@B80] In a different approach, heparin was encapsulated into poly(DL lactide-co-glycolide) (pLGA) spheres sequestered in an alginate gel. Heparin controlled release was achieved over a period of 25 days *in vitro*. Heparin-releasing gels were able to inhibit the proliferation of bovine vascular smooth muscle cells in tissue culture. Moreover, heparin controlled release from gels reduced intimal hyperplasia in in animal models of vascular disease.[@B44]

Therapy for thrombosis
----------------------

Polysaccharide-based nanoparticles were investigated for fibrinolytic drug delivery in the treatment of thrombolysis. Poly(lactic-co-glycolic acid) nanoparticles loaded with tissue-plasminogen activator (t-PA) and coated with chitosan were designed for thrombolysis. The rationale of such delivery system for t-PA was based on chitosan electrostatic interaction with fibrin, as discussed in the previous section. Thrombolysis in a blood clot-occluded tube model was evaluated by determining clot lysis times and the masses of lysed clots. Chitosan-coated nanoparticles were able to penetrate the clot and markedly reduced t-PA clot lysis time in an *in vitro* model.[@B45] Permeation and clot dissolution patterns were also enhanced for poly(lactic-co-glycolic acid) nanoparticles loaded with t-PA and coated with chitosan, as compared to t-PA in solution.[@B13] Thrombolysis process using such nanoparticles could be enhanced by photomechanical drug delivery. In this approach, laser-induced hydrodynamic pressure elicit cavitation bubble expansion and collapse, resulting in damage in clot structure and increased binding sites available for t-PA.[@B21]

The iron oxide CLIO platform was employed for selective drug delivery. CLIO was functionalized with an activated factor XIII (FXIIIa)-sensitive peptide for targeting and recombinant t-PA. The fibrinolytic activity of the targeted nanoagent was demonstrated *in vivo*.[@B109] In an alternative approach, dextran-coated iron oxide nanoparticles were used for magnetically targeted thrombolytic therapy. Urokinase was conjugated to nanoparticles and local thrombolysis was achieved *in vivo* with an external magnetic field focused on the site of thrombus.[@B114]

Therapy for atheroma
--------------------

The iron oxide nanoparticle platform CLIO, which is internalized by macrophages, was exploited to deliver drugs to macrophages in atheroma lesions. For this, CLIO was associated to the photosensitized drug m-THPC. Nanoparticle intravenous administration resulted in the localization within macrophage-rich atherosclerotic lesions. Macrophage uptake in atheroma lesions was attested by the detection of the fluorescent drug by intravital fluorescence microscopy. The atheroma was irradiated with 650 nm light in order to activate the drug to produce cytotoxic oxygen radicals. The photodynamic therapy performed resulted in eradication of inflammatory macrophages.[@B105]

Imaging the activated endothelium or activated platelets
--------------------------------------------------------

Kasteren and colleagues made a step forward in the investigation of nanoparticles functionalized with sialyl Lewis^X^to target the activated endothelium. They designed magnetic resonance imaging (MRI) detectable glyconanoparticles by conjugating the sialyl Lewis^X^ on a platform of cross-linked amine-functionalized iron oxide nanoparticles. They proposed glyconanoparticle application *in vivo* for detection of E-/P-selectin in a rat model of acute inflammation in the brain, in which the activated brain endothelium was induced by intracerebral microinjection of interleukin-1β.[@B75]

Fucoidan-based systems were exploited for the molecular imaging of activated platelets. P-selectin binding by radiolabled ^99m^Tc-fucoidan could be detected *in vivo* by scintigraphy in a rat model of platelet-rich arterial thrombi as well as in a myocardial ischemia-reperfusion model. The reported results demonstrated fucoidan potential as an efficient imaging agent in cardiovascular pathologies.[@B89] In a related study, fucoidan was conjugated to ultra-small paramagnetic iron oxide coated with carboxylmethyl dextran. Such fucoidan-decorated contrast agent for MRI succeeded in accurately detecting the thrombus in a rat model of an expanding aneurysm. There was a high correlation between MRI and histology of the regions corresponding to thrombus and P-selectin location, clearly indicating the effectiveness of such contrast agent in non-invasively thrombus detection. [@B90]

Imaging for atherosclerosis
---------------------------

Magnetic nanoparticles were functionalized with hyaluronic acid and the immobilized polysaccharide retained its specific biological recognition with the macrophage receptor CD44. The nanoparticles were successfully internalized by macrophages *in vitro* and the uptake was CD44-dependent. Nanoparticles were able to deliver a fluorescein cargo into cells and enabled detection by MRI. Although clinical application of these macrophage-targeted iron oxides has still to be demonstrated, such nanoparticles may be a potential platform for molecular imaging in atherosclerosis.[@B85]

Cholesterol molecular imaging by means of polysaccharide-based nanoparticles was investigated *in vitro* and *ex vivo*. β-cyclodextrin ability to interact with cholesterol was reported to be used for detection purposes via the fluorescent rhodamine 6G *in vitro*. For the design of such cholesterol detection system, graphene has chosen by virtue of its high surface area, high conductivity and strong fluorescence quenching property. The system principle is based on competitive host-guest interaction[@B99] between rhodamine 6G enclosed on β-cyclodextrin and cholesterol. When rhodamine 6G is in the inner compartment of β-cyclodextrin host, its fluorescence is quenched by graphene. However, rhodamine 6G fluorescence turns on after cholesterol replaces it. Thereby, cholesterol interaction translates into an optical signal.[@B100] In a different approach, cholesterol detection was performed by means of cyclodextrin-functionalized iron oxide nanoparticles. Selective binding to cholesterol crystals was demonstrated both *in vitro* and *ex vivo*using sections of atherosclerotic rabbit aorta tissues. By taking advantage of the magnetic properties of the iron oxide core, a proof of principle of cholesterol detection by MRI was provided. Although *in vivo* application of such cyclodextrin-functionalized nanoparticles has still to be demonstrated, they could be useful for non-invasive detection of cholesterol in atherosclerotic plaques.[@B50]

In a different approach, several ligands have been grafted to the iron oxide platform CLIO in order to achieve atherothrombosis target. CLIO grafting with VHPKQHR or VHSPNKK peptides targeted to vascular adhesion molecule-1 (VCAM-1) resulted in enhanced MR signal in aortic roots of apoE^-/-^ mice enabling noninvasive imaging of VCAM-1-expressing endothelial cells and macrophages in atherosclerosis.[@B106], [@B107] CLIO platform was equally functionalized with peptide-targeting ligands with affinity to fibrin and activated factor XIII. *In vivo* and *in vitro* results confirmed selective targeting and detection by MRI.[@B108]

Apart from the CLIO platform, iron oxide nanoparticles coated with non-crosslinked dextran succeeded in selectively imaging plaque macrophages with high accuracy *in vivo*. This is the case of dextran-monocrystalline iron-oxide nanoparticles administrated intravenously in hyperlipidemic rabbits.[@B110], [@B111] An important example is the investigation of superparamagnetic iron oxide nanoparticles stabilized with dextran and sodium citrate (Sinerem, Guerbet) for MRI detection of plaques of 11 symptomatic patients. The nanoparticles accumulated predominantly in macrophages in ruptured and rupture-prone human atherosclerotic plaques, indicating that it may be promising for differentiating low- and high-risk plaques. However, post-contrast imaging time needed to be long in order to allow uptake of iron particles by macrophages.[@B112] The same commercial nanoparticles were further investigated in an additional clinical trial confirming the potential of such nanoparticles to be used as a MRI contrast agent to identify inflamed atheromatous plaques. USPIO-enhanced MRI contrast took place between 24 and 48 hours after nanoparticle administration. [@B115]

Conclusions and perspectives
============================

This article overviewed the role of polysaccharides as recognition moieties in atherothrombotic process in the basis of a structure-function relation. Advantages of polysaccharide association to nanosystems were evidenced. Recent accomplishments on polysaccharide-based nanosystems as drug delivery systems and targeted contrast agents for molecular imaging were outlined, including the current trend of merging both in a single entity for theranostics.

Polysaccharide-based nanosystems as drug delivery systems and targeted contrast agents for molecular imaging hold much promise in the management of atherothrombotic diseases. However, the field is still in its early days. Although very promising approaches have been designed, most of them are in the stage of pre-clinical studies or still relate to *in vitro* proofs of concept. Considerable challenges concern the optimization of nanoparticle properties in order to enhance targeting while minimizing non-specific tissue residence.

Although both molecular imaging and targeted therapeutics presented interesting proof of concept results, the ultimate performance of these nanosystems must be established in clinical trials. The clinical translation of these novel nanosystems is highly challenging, due to their inherent complexity. Besides, the choice of the nanoplatform, drug and imaging modalities is quite broad and should be carefully analyzed. The choice may be influenced by cost, availability, and the specific application to be considered. As it is the case for any novel pharmacological agent undergoing clinical trials, the investigation of polysaccharide-based nanoparticles will also require thorough evaluation for toxicity, pharmacokinetics and biodistribution.

Considering the studies discussed in the last section, clinical application of polysaccharide-based nanoparticles was limited to plaque macrophage imaging using dextran-coated iron oxides. To our knowledge, Sinerem (Guerbet) is the only commercial polysaccharide-based nanoparticle tested in clinical trials for managing atherothrombotic disease. However, Sinerem withdrawal was proposed in 2008 by the European Medicines Agency. Regarding such nanoparticles, it is important to consider safe iron doses. As a reference, iron dose should remain not higher than the one of USPIO (2.6 mg iron/kg body weight) used for human oncological MRI.[@B116] Still considering the few clinical studies on plaque macrophage imaging using dextran-coated iron oxides, challenges of the approach are related to the intrinsic lower sensitivity of MRI, limiting the signal-to-noise ratio in high-resolution images required for coronary or carotid plaques. Future studies should focus on the translational potential of polysaccharide-based nanosystems enabling targeted therapy or imaging at the molecular level including multi-modal imaging. By taking profit from the advantageous properties of polysaccharides and nanosystems, such an approach may offer novel avenues in the management of atherothrombosis. Additionally, forthcoming advancements in imaging technology, including the development hybrid high performing scanners, combined to and the future improvement of nanocarrier platforms may open bright perspectives for polysaccharide-based nanosystems. Meanwhile, the investigation of polysaccharide-based nanosystems in animal models as molecular imaging tools and targetable drug delivery systems holds great promise in extending current knowledge of therapy/imaging limits as well as of the pathological mechanisms involved in atherothrombotic diseases.
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